We previously demonstrated that subantimicrobialdose-doxycycline (SDD) treatment of post-menopausal osteopenic women significantly reduced periodontal disease progression, and biomarkers of collagen destruction and bone resorption locally in periodontal pockets, in a double-blind placebocontrolled clinical trial. We now hypothesize that SDD may also improve biomarkers of bone loss systemically in the same women, consistent with previous studies on tetracyclines (e.g., doxycycline) in organ culture and animal models of bonedeficiency disease. 128 post-menopausal osteopenic women with chronic periodontitis randomly received SDD or placebo tablets daily for 2 years adjunctive to periodontal maintenance therapy every 3-4 months. Blood was collected at baseline and at one-and two-year appointments, and sera were analyzed for bone resorption and bone formation/turnover biomarkers. In subsets of the study population, adjunctive SDD significantly reduced serum biomarkers of bone resorption (biomarkers of bone formation were unaffected), consistent with reduced risk of future systemic bone loss in these post-menopausal women not yet on anti-osteoporotic drugs.
IntrODuctIOn
L oss of alveolar bone is a signature event in the diagnosis and pathogenesis of periodontitis. Therefore, numerous research groups have attempted to reduce this bone loss using pharmaceutical agents, some novel, others long recognized to be effective in managing bone-deficiency diseases such as osteoporosis. However, only a few systemically administered drugs have demonstrated the potential to inhibit both locally (periodontitis) and systemically (osteoporosis) induced bone loss. To date, these medications have included orally administered agents such as bisphosphonates (Tenenbaum et al., 2002) , non-steroidal anti-inflammatory drugs (Williams et al., 1989) , tetracyclines, e.g., subantimicrobial-dose-doxycycline (SDD) and the chemically modified non-bacteriostatic tetracyclines (Golub et al., 1998; Payne et al., 2007) , and, more recently, the resolvins (Van Dyke, 2008) and intermittent injections of parathyroid hormone (Barros et al., 2003) .
Regarding tetracyclines, our group recently described the beneficial longterm effects of SDD in post-menopausal women exhibiting both local and mild systemic bone loss (periodontitis and osteopenia, respectively). In brief, the two-year SDD regimen significantly reduced the progression of periodontal attachment loss and, in subgroups of the study population, decreased alveolar bone loss (Payne et al., 2007) in a doubleblind placebo-controlled trial. Consistent with these clinical observations, SDD also reduced biomarkers of collagen degradation and bone resorption locally in gingival crevicular fluid (GCF) of these women (Golub et al., 2008) . We now hypothesize that this treatment may also improve biomarkers of bone remodeling systemically in the circulation of these post-menopausal osteopenic women with periodontitis.
MAtErIALs & MEthODs
The details of this trial-including methods for clinical (e.g., probing depth, clinical attachment levels), dental, and medical radiographic, microbiological, and GCF measurements of local "biomarkers" of collagenolysis and bone resorption-were described by us recently (Payne et al., 2007; Reinhardt et al., 2007; Walker et al., 2007; Golub et al., 2008) . The study protocol was approved by the Institutional Review Boards of both study centers, the University of Nebraska Medical Center and Stony Brook University, and all participants provided written informed consent.
Briefly, the study was a double-blind placebo-controlled clinical trial, with each of 128 post-menopausal osteopenic women with periodontitis randomized to receive SDD (64 women) or placebo (n = 64) tablets systemically (oral route) every 12 hrs over 2 yrs. Both groups also received daily calcium (1200 mg) and vitamin D (400 IU) supplements for 2 yrs, and periodontal maintenance therapy every 3-4 mos, at no cost to the subjects. The clinical measurements of periodontal disease severity were taken every 6 mos, while dental radiographs and scans of the lumbar spine and femoral neck (dual-energy x-ray absorptiometry) and microbiologic, GCF, and blood samples were collected at the baseline and at one-and two-year appointments. Note that none of the enrolled women was diagnosed with osteoporosis, and none was taking medications for this disease (e.g., bisphosphonates).
Regarding blood samples, the sera were separated, then frozen (-80°C) until analyzed for bone-remodeling biomarkers and serum doxycycline levels, as follows:
Bone-specific alkaline phosphatase, a biomarker of osteoblast activity and bone formation (Pedrazzoni et al., 1996) , was measured by EIA (Quidel Corp., San Diego, CA, USA) with a monoclonal antibody to this enzyme. A 20-µL quantity of serum was used for this and for osteocalcin analysis (see below). Recovery values for this and the other bone metabolism markers were essentially 100%.
Osteocalcin is considered a biomarker of bone turnover, not just bone formation, even though it is produced only by osteoblasts (Looker et al., 2000) . Serum samples from each woman were analyzed with an ELISA (Nordic Bioscience Diagnostics, Herlev, Denmark) kit with monoclonal antibodies recognizing both intact and N-terminal mid-fragments of human osteocalcin.
ICTP, a pyridinoline-crosslink-containing degradation fragment of the C-terminal telopeptide region of type I collagen, indicative of bone resorption, was measured by radio-immunoassay with 125 I-labeled antibody against 14-to 43-kDa fragments of bone collagen digested by bacterial collagenase (Immunodiagnostic Systems, Fountain Hills, AZ, USA), as we described previously (Golub et al., , 2008 .
CTX, a deoxypyridinoline-containing degradation fragment of the C-terminal telopeptide region of type I collagen, generated by breakdown mediated by cathepsin-K and matrix metalloproteinases, was measured by ELISA (Nordic Bioscience Diagnostics, Herlev, Denmark).
Serum samples from the placebo-and SDD-treated participants, collected at the baseline and one-and two-year appointments, were analyzed for doxycycline concentrations by high-performance liquid chromatography, as we previously described (Liu et al., 2001 ).
statistical Analyses
As described previously (Payne et al., 2007; Reinhardt et al., 2007) , we used generalized estimating equations methodology to estimate the treatment effect on follow-up serum biomarker levels after adjustment for baseline serum biomarker levels and other baseline confounding factors (Liang and Zeger, 1986) . A natural log transformation was used for the CTX measure. We used a similar modeling approach to compare CTX measures between women with detectable and undetectable levels of serum doxycycline. The association between ICTP and CTX at each time-point, following a natural log transformation of the measures, was estimated with a Pearson correlation coefficient. The primary analysis followed an intent-to-treat paradigm. Pre-specified subgroup analyses-defined by baseline smoking status, time since onset of menopause, adherence to study medications, and significant concomitant medication use-were performed by tests of interactions. As we described previously (Payne et al., 2007) , sample size was justified based on the primary study aim and endpoint, to compare radiographic evidence of alveolar bone density changes from baseline between the SDD and placebo groups.
rEsuLts
Based on intent-to-treat analyses, a two-year regimen of SDD produced no significant changes, compared with placebo therapy, in the serum levels of bone-specific alkaline phosphatase (p = 0.3) and osteocalcin (p = 0.5) (Table 1) , which are biomarkers of bone formation and bone turnover, respectively. The serum biomarkers of bone resorption, ICTP and CTX, were positively correlated at all 3 appointments (baseline, one-and two-year, r = 0.34, 0.34, 0.26, respectively; p ≤ 0.006). However, based on intent-to-treat analyses, SDD therapy did not produce statistically significant effects on these biomarkers, ICTP (p = 0.1) and CTX (p = 0.5), relative to placebo (Table 2) . However, SDD therapy did produce statistically significant effects relative to placebo among subsets of the postmenopausal women. Those women treated for 2 yrs with SDD, who were post-menopausal ≤ 5 yrs at the baseline visit (n = 23 placebo and n = 25 SDD), showed a highly significant reduction in serum ICTP (p = 0.0003) and a marginal reduction in CTX (p = 0.06) (Figs. 1, 2) . A similar pattern was seen in the subset of post-menopausal women not on significant concomitant medications (n = 39 placebo and n = 34 SDD at the two-year time-point). When the two-year data were compared with baseline, the SDD-treated group showed a significant reduction in serum ICTP (p = 0.05) and a marginal reduction in CTX (p = 0.06). Moreover, when we investigated the association between serum CTX and the presence (or absence) of doxycycline in the serum samples (which addresses whether the individual was in the placebo or SDD group, and study medication adherence), those with HPLC-detectable doxycycline (> 0.1 µg/mL; median serum concentration 0.59 µg/mL) showed a statistically significant reduction in CTX (p = 0.02) compared with those with no detectable serum doxycycline levels (data not shown).
DIscussIOn
Over the past several decades, numerous clinical trials have demonstrated that SDD adjunctive to mechanical debridement significantly reduces the severity of chronic periodontitis (Golub et al., 1998; Giannobile, 2008; Preshaw, 2008) . Moreover, the clinical improvements were associated with significant reductions in biomarkers of inflammation and collagen destruction and bone destruction locally in periodontal pockets. These GCF analytes included the matrix metalloproteinases, notably, MMP-8 (collagenase-2), MMP-13 (collagenase-3), and MMP-9 (gelatinase-B), and other neutral proteinases, e.g., plasminogen activator, pro-inflammatory cytokines, EMMPRIN (extracellular MMP inducer, a membrane-bound glycoprotein), and ICTP (Golub et al., 1998; Emingil et al., 2006 Emingil et al., , 2008 Giannobile, 2008; Preshaw, 2008) . SDD also demonstrated efficacy in other periodontal disease categories, including persons with generalized severe periodontitis (Novak et al., 2002) , institutionalized geriatric individuals (Mohammad et al., 2005) , smokers , persons with diabetes (Ryan et al., 2006) , and cardiovascular patients (Tüter et al., 2007) .
Recently, we reported that post-menopausal women, who exhibited local as well as mild systemic bone loss (periodontitis and osteopenia, respectively), and who were not treated with bone-sparing agents such as bisphosphonates, also responded favorably to SDD therapy (Payne et al., 2007; Reinhardt et al., 2007) in this two-year clinical trial. These women showed significant reductions in clinical (based on intent-to-treat analyses) and radiological (based on subgroup analyses) measures of per iodontal disease severity and progression, with similar adverse events relative to the placebo group. These post-menopausal women also exhibited reductions in biomarkers of inflammation, collagen destruction, and bone resorption locally in the GCF (Golub et al., 2008) . However, two studies (see below) also demonstrated a beneficial effect of SDD on systemic inflammatory biomarkers of disease. In this regard, Brown et al. (2004) reported that a six-month regimen of SDD (in the absence of scaling and root planing; SRP) significantly reduced systemic inflammation biomarkers (e.g., plasma C-reactive protein) in individuals with severe cardiovascular disease (CVD), and Tüter et al. (2007) found that a short-term regimen (1½ mos) of SDD, in combination with SRP, reduced clinical measures of periodontitis and improved some systemic CVD biomarkers, including serum levels of HDL cholesterol and APO-A lipoprotein.
Thus, the current study is the first to describe the effects of SDD on biomarkers of systemic bone turnover. In this regard, the two-year regimen of SDD did not produce a significant change in serum levels of either bone-specific alkaline phosphatase, a diagnostic marker of bone formation, or osteocalcin, a secretion product of osteoblasts thought to reflect bone turnover. Recently, it was suggested that the lack of change in GCF osteocalcin levels, in another study on persons with periodontitis , actually reflected an increased rate of bone formation (balanced by a decrease in bone resorption), consistent with animal models of bone-deficiency disease (ovariectomized aged rat/osteoporosis; diabetes-induced osteopenia) in which tetracyclines enhanced osteoblast activity and bone formation (Bain et al., 1997; Williams et al., 1999) . However, in the current clinical trial, the two-year regimen of SDD did not significantly affect either bone formation marker in the serum.
Therefore, perhaps tetracyclines increase osteoblast activity and bone formation only in the short term, and this beneficial effect of the drugs may be lost over a prolonged period of treatment, such as 2 yrs. Figure 1 . The effect of SDD relative to placebo on ICTP levels in serum in (A) subgroups of women within 5 yrs of menopause at baseline (no significant effect of SDD in women beyond 5 yrs of menopause, p = 0.8) and (B) women who did not receive significant concomitant medications (no significant SDD effect in women using significant concomitant medications, p = 0.5), where the baseline reference group represents all study participants, free of significant concomitant medication use (an eligibility criterion). Each bar represents the mean value, and whiskers are drawn to ± 1 standard error of the mean; subgroup sample size is shown below each bar value. SDD, subantimicrobialdose doxycycline. ICTP, pyridinoline-crosslink degradation fragment of type I collagen. Figure 2 . The effect of SDD relative to placebo on CTX levels in serum in (A) subgroups of women within 5 yrs of menopause (no significant SDD effect in women beyond 5 yrs of menopause, p = 0.4) and (B) women who did not receive significant concomitant medications (no significant SDD effect among women using significant concomitant medications, p = 0.8), where the baseline reference group represents all study participants, free of significant concomitant medication use (an eligibility criterion). Each bar represents the median value, and whiskers are drawn to the 25th and 75th percentiles; subgroup sample size is shown below each bar value. SDD, subantimicrobial-dose doxycycline. CTX, deoxypyridinoline-crosslink degradation fragments of type I collagen.
In contrast to the data on bone formation biomarkers, SDD administration appeared to produce long-term beneficial effects on 2 systemic bone resorption markers in subgroups of these post-menopausal women. Reminiscent of previous observations locally in the GCF of these (and other) women (Golub et al., , 2008 , the SDD treatment in the current study did produce a highly statistically significant reduction in ICTP systemically in the serum of women within 5 yrs of menopause, a time-period associated with high-turnover bone loss (Heaney et al., 1978) . However, in those women administered SDD beyond this timeperiod, which is generally associated with low-turnover bone loss (Heaney et al., 1978; Cochran, 2008) , the effect of the medication on this bone resorption biomarker was lost. These data were consistent with a similar pattern of change with a second, more current, serum diagnostic biomarker of bone resorption, CTX, and with the observation that the 2 measurements of systemic bone resorption were positively correlated with each other over the two-year clinical trial. Additional evidence of the systemic bone-sparing potential of long-term SDD therapy in these osteopenic women is the observation that the detection of doxycycline in the serum, at a median concentration of 0.59 µg/mL (a level of this drug which, in previous studies, demonstrated efficacy and safety in the management of chronic periodontitis), was associated with a significant reduction of serum CTX. These beneficial effects on systemic bone resorption biomarkers are also consistent with earlier basic studies demonstrating that tetracyclines can inhibit bone resorption: (a) in organ culture, regardless of whether the osteoclastic/bone resorption activity was induced by parathyroid hormone, endotoxin, or prostaglandin E 2 (Golub et al., 1984) ; and (b) in animal models of bone-deficiency disease, including the ovariectomized aged rat model of osteoporosis, and a rat model of type I diabetes-induced osteopenia (Golub et al., 1998; Williams et al., 1999) .
Future studies are required to identify more clearly the mechanisms by which SDD (and other tetracyclines) inhibit local and systemic bone loss. Likely candidates include the ability of non-antibiotic properties of these compounds to suppress the expression of pro-inflammatory cytokines including IL-1β and IL-6, dampening osteoclast chemotaxis (Kirkwood et al., 1999) . These compounds also may inhibit the expression, by osteoblasts and T-and B-lymphocytes, of RANKL, reducing its availability "to bind RANK on osteoclast precursors tipping the balance" (Cochran, 2008; Giannobile, 2008) against osteoclast differentiation and bone resorption. The initial mechanism proposed was the ability of tetracyclines to block collagenase and other MMPs produced by osteoblasts and pre-osteoclasts (Golub et al., 1998) . Of course, the desired ultimate outcome of both periodontal and osteoporosis therapies is to reduce tooth loss and skeletal fractures, respectively. Evidence now suggests that long-term administration of non-antimicrobial tetracyclines may achieve both goals (Zernicke et al., 1997; Cunha-Cruz et al., 2008) .
In conclusion, just as the two-year SDD regimen was found to reduce periodontal disease progression (and reduced collagenolytic and bone resorption biomarkers in periodontal pockets) in post-menopausal women (Payne et al., 2007; Reinhardt et al., 2007; Golub et al., 2008) , we now propose (based on the reduction of bone resorption markers systemically seen in the current study) that longer term (e.g., 3-5 yrs) host-modulating therapy also may reduce the risk of progression of mild systemic bone loss (osteopenia) into the more serious bone-deficiency disease, osteoporosis. This hypothesis derives support from our earlier studies in a standard animal model of post-menopausal osteoporosis, the ovariectomized aged rat. Treating these rats with a chemically modified (non-antimicrobial) doxycycline, CMT-8: (a) reduced the severity of both systemic osteoporosis (tibia) and local alveolar bone loss; and (b) normalized the pathologically excessive collagenase activity in the gingiva . Moreover, additional data from our study on post-menopausal osteopenic women (Payne et al., unpublished observations) showed that elevated serum CTX levels (which were reduced by SDD therapy in subgroups) were associated with lumbar spine bone mineral density loss over 2 yrs.
